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ABSTRACT
Studies based on Hubble Space Telescope (HST ) photometry in F275W, F336W, and F438W have
shown that the incidence and complexity of multiple populations (MPs) in Globular Clusters (GCs)
depend on cluster mass. This result, however, is based on nearby, low-reddening Galactic GCs, for
which we can obtain accurate F275W photometry.
In this work we exploit HST photometry in F336W, F438W, and F814W to characterize MPs in 68
Galactic and extragalactic GCs by using the pseudo-color CF336W,F438W,F814W , which is more efficient
in terms of observation time than the pseudo-color CF275W,F336W,F438W adopted in previous works.
We first analyzed the Galactic GCs alone and find that the RGB color width strongly correlates with
[Fe/H]. After removing the dependence from metallicity, we obtain a strong correlation with cluster
mass, thus confirming previous findings.
We then exploited the RGB width to compare MPs in Galactic and extragalactic GCs. Similarly to
Galactic GCs, the RGB width of Magellanic Cloud GCs correlates with clusters mass, after removing
the dependence from metallicity. This fact demonstrates that cluster mass is the main factor affecting
the properties of MPs.
Magellanic Cloud clusters exhibit, on average, narrower RGBs than Galactic GCs with similar mass
and metallicity. We suggest that this difference is a signature of stellar mass loss in Galactic GCs. As
an alternative, the mass-RGB-width relation would depend on the host galaxy.
Finally, we used ground-based photometry to investigate Terzan 7 through the CU,B,I pseudo-color,
ground-based analogous of CF336W,F438W,F814W , and find that this cluster is consistent with a simple
population.
Keywords: Globular Star Clusters — Stellar populations — RGB photometry — Chemical enrichment
— Milky Way Galaxy — Magellanic Clouds
1. INTRODUCTION
Growing evidence of the unique properties of glob-
ular clusters (GCs) has accumulated in the last two
decades. The discovery of different groups of stars, with
well-defined abundance patterns of specific chemical el-
ements, namely C, N, O, Na, and in some cases also Mg
and Al, known as ‘multiple populations’ (MPs), turned
out to be a peculiar characteristic of almost all GCs in
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our Galaxy (e.g. Kraft 1994; Gratton et al. 2012; Marino
et al. 2019, and references therein).
A general feature of GCs is the presence of two main
stellar populations, one with chemical composition typi-
cal of halo stars of the same metallicity, usually referred
to as primordial population or ‘1G’ stars, and another
with abundance of N and Na higher than that of 1G
stars, referred to as enriched population or ‘2G’ stars.
Furthermore, 2G stars are typically also enriched in he-
lium (e.g. Lagioia et al. 2018; Milone et al. 2018). Both
2G and, to a lesser extent, 1G stars contain, however,
a varying number of subgroups of stars, each one with
different chemical content (e.g. Milone et al. 2015a,b;
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Marino et al. 2019), while the ratio of 1G to 2G stars is
not constant in all GCs but ranges from about 10% to
60% (Milone et al. 2017). The composite phenomenol-
ogy of MPs suggests that peculiar processes of star for-
mation, chemical evolution and dynamical interactions
are at work in the internal environment of star clusters
(e.g. Decressin et al. 2007; D’Antona et al. 2016; Gieles
et al. 2018).
A comprehensive framework for the interpretation
of the multifaceted characteristics of MPs requires a
common metrics that has the potential of quantifying
the extension of chemical spread in a given cluster.
To this purpose, an effective solution is provided by
the color extension, or width, of the red giant branch
(RGB) in color-magnitude diagrams (CMDs) obtained
with proper combinations of ultraviolet (UV) and opti-
cal bands.
A systematic measurement of the RGB width in
the color mF275W − mF814W and in the pseudo-color
(mF275W − mF336W ) − (mF336W − mF438W ) has been
recently performed by Milone et al. (2017) for the 57
GCs observed for the Hubble Space Telescope (HST )
UV Legacy Survey of Galactic GCs (see Piotto et al.
2015, and references therein). An important result of
this work concerns the statistical analysis of the correla-
tion between the global parameters of GCs and the RGB
width. It revealed that, after taking into account the
contribution of the metallicity to the observed spread,
the RGB width appears to be strongly correlated with
the cluster mass, thus suggesting a major role for this pa-
rameter in the determination of the observed MP prop-
erties.
The sample of clusters studied by Milone and collabo-
rators comprises only Galactic GCs older than ∼ 12 Gyr
(e.g. Dotter et al. 2010). It is challenging, therefore, to
infer strong constraints on the effect of cluster age and
on the role of the host galaxy on the onset of MPs from
their sample only. The recent discovery of the presence
of MPs in Magellanic Clouds (MCs) (e.g. Lagioia et al.
2019; Martocchia et al. 2018; Niederhofer et al. 2017a)
and Fornax GCs (e.g. Larsen et al. 2014, 2012) indicates
that the MP phenomenon is not limited to our Galaxy
but rather a common characteristic of GCs. In this re-
gard, the comparison of the observational features of
Galactic and extragalactic GCs presents us the opportu-
nity to test the role played by the external environment
in the determination of the MP properties.
As seen above, the results obtained by Milone et al.
(2017) rely on F275W band data, which are sensitive to
the oxygen abundance through the spectral absorption
of the OH molecule. This benefit, however, is counter-
balanced by the difficulty to obtain F275W images with
sufficiently high S/N for the most absorbed or the most
distant clusters.
The pseudo-color CU,B,I = (U−B)−(B−I) (Monelli
et al. 2013) offers a valuable alternative to investigate
MPs in GCs. As demonstrated by Marino et al. (2008)
the broad-band filters U and B are ideal to photometri-
cally disentangle carbon and nitrogen variations in RGB
stars, while the large baseline offered by the optical color
B − I, makes the CU,B,I also sensitive to the helium
content of stars through the effective temperature (Teff ;
Milone et al. 2012a). For this reason, the spread of the
RGB sequence in this pseudo-color is proportional to
the variation of chemical content among the underlying
MPs.
With the aim of comparing the MP proper-
ties of a sample of 68 Galactic and extragalactic
GCs, we exploit the RGB width in the pseudo-
color CF336W,F438W,F814W = (mF336W − mF438W ) −
(mF438W −mF814W ) to investigate the relationships be-
tween MPs and a series of morphological, structural and
physical GC parameters. The choice of the three HST
bands F336W, F438W and F814W, which are analogous
to the Johnson-Cousins U, B and I bands, is justified
by three empirical reasons: i) the aforementioned sen-
sitivity of these bands to the C, N, O and He content
of GC RGB stars; ii) the availability of a large num-
ber of archival observations in these three bands, in the
archives of both HST and ground-based telescopes; iii)
the foreclosure of far-UV observations in the post-HST
era. Moreover, for a fixed signal-to-noise ratio, obser-
vations in F336W, F438W, and F814W require much
shorted HST time than F275W, F336W and F438W. As
a consequence, this filters make it possible to investigate
the MP phenomenon in distant clusters. In addition, we
exploit U,B, I ground-based photometry to investigate
the GC Terzan 7.
This paper is organized as follows: in Section 2 we
describe the dataset and the techniques for the analy-
sis of the photometric data; in Section 3 we define the
RGB width and describe the methodology to measure
this quantity and the corresponding error for all the
GCs in our database; in Section 4 we perform a statis-
tical analysis to test the correlation between the RGB
width and a set of GC global parameters; in Section 5,
we perform a similar analysis after removing the effect
of metallicity on the RGB width; in Section 6, by means
of synthetic spectra analysis, we study the behavior of
the theoretical RGB width, obtained from appropriate
theoretical models, as a function of metallicity and age;
this allows us to properly compare, in Section 7, the
RGB width properties of the Galactic and extragalactic
GCs in our database; in Section 8 we analyze in detail
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the relation between the RGB width and the age of the
clusters. Finally, Section 9 provides a summary of the
main results.
2. OBSERVATIONS AND DATA REDUCTION
The cluster database analyzed in this work is com-
posed of Galactic and extragalactic GCs. The Galac-
tic sample includes the 57 GCs present in Milone et al.
(2017) plus the GC IC 4499 (Milone et al. 2018), and has
been complemented with the Galactic GCs NGC 2419
(Zennaro et al. 2019) and Ruprecht 106 (Rup 106; Dot-
ter et al. 2018). The extragalactic database includes:
six Small Magellanic Cloud (SMC) clusters, namely
NGC 121, NGC 339, NGC 416, Lindsay 1, Lindsay 38,
and Lindsay 113; the Large Magellanic Cloud (LMC)
NGC 1978; the cluster Terzan 7 associated to the Sagit-
tarius Dwarf spheroidal (Sbordone et al. 2005). Details
about photometric reduction, differential reddening cor-
rection and cluster membership selection can be found
in Milone et al. (2017) and Milone et al. (2018) for the
58 Galactic GCs, in Zennaro et al. (2019) for NGC 2419
and Dotter et al. (2018) for Rup 106, and in Lagioia
et al. (2019) for the SMC clusters NGC 121, NGC 339,
NGC 416, and Lindsay 1. Archival images of the remain-
ing GCs, namely Lindsay 38, Lindsay 113, NGC 1978,
collected through the Wide Field Channel of the Ad-
vanced Camera for Surveys (WFC/ACS) and the Ultra-
violet and Visual Channel of the Wide Field Camera
3 (WFC3/UVIS) onboard HST, and archival images of
Terzan 7 collected through Focal Reducer/low dispersion
Spectrograph 2 (FORS2) at the Very Large Telescope
(VLT), have been specifically processed for this work,
according to the procedures described in the following
section. Observation details about these four clusters
are reported in Table 1.
2.1. Lindsay 38, Lindsay 113 and NGC 1978
The images of the clusters Lindsay 38, Lindsay 113 and
NGC 1978, available at the HST MAST archive1, have
been reduced following the procedure described in An-
derson et al. (2008) and used by Lagioia et al. (2019)
for the analysis of the aforementioned four SMC GCs.
Shortly, the data reduction was performed on the flt
images after applying the correction for poor Charge
Transfer Efficiency Anderson & Bedin (2010). For each
scientific frame, an array of Point Spread Functions
(PSFs) has been computed, starting from library em-
pirical PSFs and adding to each PSF a spatial variation
correction computed from isolated, unsaturated bright
stars. The HST image reduction software img2xym
1 http://archive.stsci.edu/hst/
(Anderson et al. 2006) was used to detect bright stars
and accurately determine their position and flux. This
program takes also into account the amount of star’s flux
bled into adjacent pixels (Anderson et al. 2008; Gilliland
2004; Gilliland et al. 2010). The position and flux of
faint stars was obtained with a different program (KS2;
J. Anderson et al., in preparation), which combines the
information of position and flux of each star in all the
frames in which a star’s image in present. Details about
this algorithm can be found in Sabbi et al. (2016) and
Bellini et al. (2017). The instrumental magnitudes have
been calibrated to the VEGAMAG system according to
Bedin et al. (2005). The encircled energy distribution
corrections and Zero Points of the UVIS detector of the
WFC3 camera have been taken from the STScI website2.
Stellar positions have been corrected for geometric dis-
tortion by using the solution provided by Bellini et al.
(2011). As a final step, for our analysis we selected the
best-measured stars by employing the photometric qual-
ity indexes provided by the software (see Milone et al.
2009).
Finally, we found that, by applying the method of
Milone et al. (2012b), the effect of differential redden-
ing on the photometry of Lindsay 38 and NGC 1978
is negligible, being below the typical photometric er-
rors. No correction for differential reddening has
been applied, therefore, to these two clusters. On
the other hand, with the same method, we esti-
mated the reddening variation in the field of view
(FoV) of Lindsay 113 and found ∆E(B−V) rang-
ing within ±0.020 mag, with 68.27% of stars having
∆E(B−V) < 0.005 mag. We applied this correc-
tion to the magnitudes of Lindsay 113 using the fol-
lowing relations for the total-to-differential absorption:
AF336W = 5.100 E(B−V), AF438W = 4.182 E(B−V),
and AF814W = 1.842 E(B−V) Dotter (2016, private
communication).
2.2. Terzan 7
For this cluster we used UHIGH,BBESS and IBESS band
images available at the ESO archive 3. The observation
dataset of Terzan 7 includes 41 exposures, of which 35 in
the UHIGH band, three in the BBESS band, and three in
the IBESS band. All the exposures were collected with
the High-Resolution collimator, resulting in a reduced
total FoV of ∼ 4.25 × 4.25 arcmin and a pixel scale of
∼ 0.125 arcsec/pixel. Additional details concerning the
specific observations are provided in Table 1.
2 http://www.stsci.edu/hst/wfc3/analysis/uvis zpts/,/
http://www.stsci.edu/hst/acs/analysis/zeropoints
3 archive.eso.org/cms.html
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Table 1. Observations of Lindsay 38, Lindsay 113, NGC 1978, and Terzan 7.
Cluster Date Camera Filter N×exposure time (s) Program ID
Lindsay 38 Jun 03 2004 – 18 Aug 2005 WFC/ACS F555W 2× 20 + 480 + 4× 485 9891,10396
Jun 03 2004 – 18 Aug 2005 ” F814W 2× 10 + 290 + 4× 463 ”
Oct 21 2017 WFC3/UVIS F336W 268 + 2× 710 15062
Oct 21 2017 ” F343N 515 + 2× 1057 ”
Oct 21 2017 ” F438W 123 + 2× 538 ”
Lindsay 113 Jun 03 2004 WFC/ACS F555W 480 9891
Jun 03 2004 ” F814W 290 ”
Sep 05 2018 WFC3/UVIS F336W 274 + 2× 720 15062
Sep 05 2018 ” F343N 530 + 2× 1065 ”
Sep 05 2018 ” F438W 128 + 2× 545 ”
NGC 1978 Oct 07 2003 WFC/ACS F555W 300 9891
Oct 07 2003 ” F814W 200 ”
Aug 15 2011 – Sep 25 2016 WFC3/UVIS F336W 380 + 460 + 660 + 740 12257, 14069
Aug 15 2011 ” F555W 60 + 300 + 680 12257
Sep 25 2016 ” F343N 425 + 450 + 500 + 2× 800 + 1000 14069
Sep 25 2016 ” F438W 75 + 120 + 420 + 460 + 650 + 750 ”
Terzan 7 Apr 14 2004 FORS2@VLT BBESS 1× 30 + 2× 120 073.D-0273
Mar 18 2006 ” IBESS 1× 0.3 + 1× 3 + 1× 30 077.D-0775
Mar 18 – 22 2011 ” UHIGH 6× 5 + 1× 21 + 6× 60 + 21× 94 + 1× 133 087.D-0290
Every FORS2 frame is composed of two images, one
for each of the two chips making up the FORS2 detector.
The exposures have been collected following a dithering
pattern which includes the cluster core radius (0.77 ar-
cmin; Harris 1996, 2010 update) in the upper part of
the detector or ‘chip 1’. Pre-reduction of science data,
consisting in bias subtraction and subsequent flat-field
correction, was performed with the pipeline EsoReflex
(Freudling et al. 2013). The reduction workflow of this
program automatically selects, for each science frame,
the correct calibration frames listed in the association
(.xml) files retrieved from the archive together with sci-
ence FITS files. Finally, every pre-reduced frame has
been split into two portions, corresponding to the ‘chip
1’ and ‘chip 2’ (lower chip) images. Each image has been
then analyzed separately.
Point-spread function (PSF) photometry has been
performed with DAOPHOT and ALLSTAR (Stetson
1987, 1994). For each image, the computation of the
best PSF model has been carried out by selecting 40 to
50 high S/N stars, subtracting the contribution of the
neighbor stars to the their luminosity profile and com-
puting the resulting PSF model. The procedure was
repeated by increasing, at every step, the degrees of free-
dom of the spatial variation of the PSF across the frame,
starting from a pure analytical model and ending with
a quadratically varying PSF. By matching all the sin-
gle star lists with appropriate geometric transformation
we obtained a master list containing all the stars mea-
sured at least once in the various images. The geomet-
ric transformation solution has been found with DAO-
MATCH and DAOMASTER (Stetson 1990). Then,
by running ALLFRAME (Stetson 1994), every star in
the master list that was present, according to the ge-
ometric transformation, in each single frame, has been
measured again and, for each image a new list of im-
proved position and magnitudes obtained.
For each filter, the new star lists have then been
matched, obtaining three catalogs of instrumental po-
sition and magnitude in U, B and I, respectively. Fi-
nally the position of the B-band and I-band catalogs
have been transformed to the reference system of the
U-band one.
Unfortunately no standard-star fields in U band have
been observed for both the U-band observing runs,
namely on 18 and 22 March 2011. Furthermore, to our
knowledge no catalogs including secondary photometric
standard stars in this passband are available for the FoV
covered by the observation dataset. Since, as a conse-
quence, it was not possible to calibrate the images in U
band, we performed the following analysis using instru-
mental magnitudes. We notice, however, that our anal-
ysis is based on the measurement of the cluster RGB
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width which is a relative quantity and, as such, it is
negligibly affected by the use of calibrated magnitudes.
For our analysis, we selected the best measured stars
by using the photometry quality parameters provided
by the software, namely sharp and chi (Stetson 1987).
In particular we rejected stars with |sharp| ≥ 0.15 and
chi > 0.9.
Finally, since the effect of differential reddening on the
photometry of this cluster is negligible, no correction has
been applied.
2.3. Cluster membership
For the Galactic GCs in our database, the cluster
membership of stars has been assessed on the basis of
their proper motions, as described in Milone et al. (2017,
2018), to which we refer the interested reader. For all
the other clusters, we adopted the same procedure used
in the analysis of Lagioia et al. (2019), based on the
star’s position in the observed FoV: we empirically de-
termined the center of each cluster by eye and then se-
lected all the stars within 0.67 arcmin from the cluster
center. Only in the case of Terzan 7, we flagged as clus-
ter members all the stars within the cluster half-light
radius (0.77 arcmin; Harris 1996, 2010 update), which
are all located in the ‘chip 1’. In this case, the radial
selection, about a factor of ∼ 1.2 times larger than the
previous one, compensates for the lower number of de-
tections in the central cluster region, due to the fact that
crowding in the cluster core is critical for ground-based
observations. We notice that the adopted radial selec-
tion includes the central region of every cluster, thus
resulting in a marginal field star contamination.
In the following we refer our analysis only to the clus-
ter member stars. For each GC, we tagged as RGB only
those stars lying along the observed RGB sequence in
all the different UV and optical color combinations, in
order to exclude possible contamination from Asymp-
totic Giant Branch (AGB) and Horizontal Branch (HB)
stars.
The final CMDs of Lindsay 38, Lindsay 113, NGC 1978
and Terzan 7 have been plotted in Figure 1 which dis-
plays the mF814W vs. (mF438W −mF814W ) CMDs and
mF814W vs. CF336W,F438W,F814W pseudo-CMDs of the
cluster members, respectively in the top and bottom
panels. In the case of Terzan 7 the instrumental I vs.
(B − I) CMD and I vs. CU,B,I pseudo-CMD are dis-
played. A glance at the CMDs reveals that the total
number of RGB stars considerably changes from one
cluster to another, with Lindsay 38 and NGC 1978 be-
ing, respectively, the least and most populated cluster.
The error bars plotted on the right side of each panel
indicate the typical photometric errors along the entire
magnitude extension of the CMD.
2.4. Global cluster parameters
This work includes the study of the monotonic rela-
tionship between the RGB width of the Galactic GCs
and a set of global GC parameters (see Sect. 4) com-
posed by 45 observational, morphological and dynam-
ical quantities. In particular, we obtained: from Har-
ris (1996, 2010 update): metallicity ([Fe/H]), redden-
ing (E(B−V)), absolute visual magnitude (MV), cen-
tral surface brightness (SB0), central luminosity den-
sity (ρ0), projected ellipticity of isophotes (epsilon), and
concentration (c); from Baumgardt & Hilker (2018, and
references therein) total cluster mass (Mass), mass-to-
light ratio in V band (M/L), cluster core radius (rc),
projected half-light radius (rhl), half-mass radius (rhm),
tidal radius (rt), core density (ρc) half-mass radius den-
sity (ρhm), half-mass relaxation time (TRH), slope of
mass function (MF slope), mass fraction of remnants
(Fremn), central velocity dispersion (σ0), central escape
velocity (vesc), mass segregation parameter for stars
within 0.5 and 0.8 M inside the core (ηc) and in-
side the half-mass radius (ηhm); from Baumgardt et al.
(2019, and references therein): mean heliocentric radial
velocity (〈RV〉), X, Y, Z component of the cluster po-
sition and the corresponding velocity component U, V,
W, distance from the center of the Galaxy (RGC), peri-
galacticon (Rperig), apogalacticon (Rapog); from Mar´ın-
Franch et al. (2009): relative age (age M09) based on
Dotter et al. (2007) models in the Carretta & Grat-
ton (1997) scale; absolute ages both from Dotter et al.
(2010, 2011) and (Milone et al. 2014) (age D10) and
VandenBerg et al. (2013) (age V13); from Milone et al.
(2018): mean and maximum internal helium variation
(〈δY〉, δYmax); from Milone et al. (2017): width of the
RGB measured in the pseudo-color CF275W,F336W,F438W
(WC(M17)), ratio of 1G stars to total number of stars
(N1G/Ntot); from the 2003 edition of the Harris catalog
of GCs (Harris 1996): specific frequency of RR Lyræ
(S(RR Lyr)); from Milone et al. (2012b): fraction of bi-
naries in the cluster core (Fbin(c)), between the cluster
core and the half-mass radius (Fbin(hm)), and beyond
the half-mass radius (Fbin(o−hm)); from Mackey & van
den Bergh (2005): horizontal branch ratio (HBR); from
Milone et al. (2014): extension of (mF606W −mF814W )
color of the HB (L2).
Masses and structural parameters by Baumgardt &
Hilker (2018) have been obtained from N-body simula-
tions based on velocity dispersion and surface density
profiles deriving from ∼ 35, 000 archival radial veloc-
ities from ESO/VLT and Keck. The orbital parame-
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Figure 1. mF814W vs. (mF336W −mF438W ) CMD (top panels) and mF814W vs. CF336W,F438W,F814W pseudo CMD (bottom
panels) of the cluster members of the SMC globulars Lindsay 38, Lindsay 113, and the LMC globular NGC 1978. The instrumental
I vs (B−I) CMD (top) and I vs CU,B,I (bottom) pseudo-CMD of the cluster members of the Sagittarius Dwarf cluster Terzan 7
are plot in the right panels. In each panel, the black error bars indicate the typical photometric errors at different luminosities.
ters by Baumgardt et al. (2019) have been obtained by
cross-matching the aforementioned radial velocities and
GAIA Data Release 2 proper motions (Gaia Collabora-
tion 2018).
3. MEASUREMENT OF THE INTRINSIC RGB
WIDTH
In this section we describe the procedure to
measure the RGB width in the pseudo-color
CF336W,F438W,F814W , for each GC in our database, us-
ing the SMC cluster NGC 416 as a template to illustrate
the methodology.
Panel (a) of Figure 2 displays the mF814W vs
CF336W,F438W,F814W CMD of NGC 416, with the clus-
ter stars represented as gray dots. The first step con-
sisted in the measurement of the main sequence turn-
off (MSTO) luminosity, mMSTOF814W , represented as a solid
black line in the plot. The quantity mMSTOF814W has been
determined by using the naive estimator of Silverman
(1986), which consists in: i) the subdivision of the an-
alyzed magnitude range in a given number of magni-
tude bins and the calculation of the median color and
magnitude of the stars included in each bin; ii) the im-
plementation of the previous algorithm for different bin
series, obtained by shifting the starting point defining
the first bin, of a quantity equal to a fraction of the
predefined bin width. The magnitude and color of the
resulting median points has been smoothed by boxcar
averaging three adjacent points, and the bluest color of
the linear function interpolating the resulting smooth
function has been taken as the mMSTOF814W estimate. The
following step was the definition of a luminosity inter-
val of 1 mag centered around the reference luminosity
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defined as mMSTOF814W − 2 (see Milone et al. 2017) and in-
dicated as a dashed line. The two dotted lines in the
plot delimit the selected magnitude interval. At this
point, we computed the RGB fiducial line of the RGB
stars, by using the method described above, and mea-
sured the pseudo-color difference between each RGB
stars and the fiducial line at the same F814W magni-
tude (∆CF336W,F438W,F814W ). Panel (b) in Fig. 2 shows
mF814W against ∆CF336W,F438W,F814W . The observed
RGB width, W obsCF336W,F438W,F814W , corresponds to the
difference between the 96th and 4th percentile (vertical
lines in the plot) of the ∆CF336W,F438W,F814W distribu-
tion, and is equal, in the case of NGC 416, to 0.180 mag.
The error on the estimate of the observed width was
obtained by carrying out 10,000 bootstrapping tests on
random sampling with replacement of the observed RGB
stars in the selected magnitude interval. Each test con-
sists in the generation of an artificial sample containing
1,000 sequential copies of the observed stellar colors and
the subsequent random extraction of a subsample com-
posed of a number of colors equal to the observed one.
For each extraction we then computed the corresponding
RGB width. The 68.27th percentile of the resulting dis-
tribution of the 10,000 bootstrapping measurements was
taken as the standard error of W obsCF336W,F438W,F814W ,
equal to 0.013 mag for NGC 416.
W obsCF336W,F438W,F814W , however, does not correspond
to the intrinsic width of the cluster RGB, because the
photometric errors concur to the observed broadening
of the RGB. In order to quantify such spurious con-
tribution, we took advantage of the magnitude r.m.s.
of the stars in the selected magnitude interval. For
each cluster, we simulated a series of 10,000 artificial
CMDs, with a random color spread based on the ob-
served color errors. To do this we assigned to each ob-
served star in the selected magnitude interval, an arti-
ficial error, in each of the three bands F336W, F438W
and F814W. The artificial error was obtained by ex-
tracting a random value from a simulated Gaussian er-
ror distribution with a standard deviation equal to the
observed star’s magnitude standard error, derived from
the reduction software. We then measured the result-
ing artificial RGB width and subtracted it in quadra-
ture from the observed RGB width, obtaining an esti-
mate of the intrinsic width. We repeated this procedure
10,000 times and took the mean value resulting from the
whole set of simulations as the intrinsic width of the clus-
ter. We obtained for NGC 416 WCF336W,F438W,F814W =
0.146 mag. As an example, in panel (c), we plotted
the mF814W vs. ∆CF336W,F438W,F814W diagram, for one
simulation, and indicated the corresponding RGB width
with the double arrow. For a quick comparison, we plot-
ted again the observed 4th and 96th percentile vertical
lines in this panel.
Artificial stars (ASs) provide an independent estimate
of the contribution of the photometric error. To obtain
this estimate, we applied the same procedure described
above but using a randomly extracted sub-sample of
ASs composed of the same number of observed stars
and derived the corresponding ∆CF336W,F438W,F814W
value, as shown in panel (d) of Figure 2. The latter
value represents the difference between the input and
output pseudo-color, obtained from the ASs test (see
Lagioia et al. 2019, and references therein). We ob-
tained WCF336W,F438W,F814W = 0.147 mag, the same
value within 0.001 mag as that obtained by using the
star’s r.m.s.
We applied the above procedure to compute the in-
trinsic RGB width of all the 68 clusters analyzed in this
work. Since AS catalogs are, at the present time, only
available for the MC GCs in our database, for these
clusters only we used the ASs for the calculation of the
photometric error contribution. Moreover, since Lind-
say 113 shows a sparsely populated RGB, for this GC we
repeated the procedure for the estimate of the intrinsic
RGB width by excluding first the bluest and then also
the reddest RGB stars in the selected magnitude inter-
val. The average of the two RGB width estimates was
taken as the final RGB width, while the half interval be-
tween them as the associated error. The intrinsic RGB
values of all the analyzed clusters have been reported
in Table 2. We see that the WCF336W,F438W,F814W esti-
mates range from a minimum value of 0.034 mag (Lind-
say 38) to a maximum value of 0.332 mag (NGC 6441)
and that the majority of GCs are distributed in the in-
terval 0.1 – 0.2.
4. BIVARIATE ANALYSIS OF THE RGB WIDTH
We performed an extensive statistical analysis to test
the monotonic relationship between the cluster intrinsic
RGB width and several GC parameters, using as indica-
tor the Spearman’s rank correlation coefficient, RS . The
following run of statistical tests has been done by taking
into account a sub-sample of clusters in our database,
that includes the 58 Galactic GCs used by Milone et al.
(2018).
The results are shown as a correlation map in Figure 3.
Each cell in the figure represents the test scores for a
single parameter, and is labeled with three rows. The
top row reports the parameter against which the Spear-
man’s correlation test has been performed, the middle
row reports the result of the test, namely the value of
RS , followed by a number in parentheses equal to the
degrees of freedom of the system, calculated as the pair-
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Figure 2. Procedure to measure the intrinsic RGB width of the cluster NGC 416. (a): mF814W vs. CF336W,F438W,F814W
pseudo CMD, where RGB stars are represented as black dots. The MSTO and the reference point at mMSTOF814W − 2 are indicated,
respectively, by the solid and dashed horizontal line, while the dotted lines delimit 1 mag interval around the reference point. (b):
verticalized CMD for the RGB stars in the 1 mag interval: the 4th and 96th percentile of their color distribution are indicated
as dot-dashed vertical lines. The distance between these two lines represents the observed RGB width W obsCF336W,F438W,F814W
and, for simplicity purpose, it has been indicated as W obs in the figure. (c): artificial distribution of standard color errors, used
to estimate the contribution of the photometric error to the observed RGB width. The RGB width is indicated by the double
arrow. (d): same as in panel (c) but using artificial stars.
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Table 2. Intrinsic and ‘normalized’ RGB width of the analyzed Globular Clusters.
ID WCF336W,F438W,F814W ∆WCF336W,F438W,F814W ID WCF336W,F438W,F814W ∆WCF336W,F438W,F814W
(mag) (mag) (mag) (mag)
IC 4499 0.118± 0.018 −0.012 NGC 6205 0.154± 0.005 0.024
LINDSAY 1 0.135± 0.009 −0.023 NGC 6218 0.156± 0.008 0.014
LINDSAY 38 0.034± 0.014 −0.098 NGC 6254 0.151± 0.008 0.023
LINDSAY 113 0.108± 0.037 −0.031 NGC 6304 0.222± 0.010 0.016
NGC 104 0.205± 0.006 0.018 NGC 6341 0.115± 0.006 0.040
NGC 121 0.157± 0.008 0.011 NGC 6352 0.198± 0.012 0.005
NGC 288 0.148± 0.028 0.003 NGC 6362 0.174± 0.011 0.006
NGC 339 0.075± 0.004 −0.084 NGC 6366 0.173± 0.022 −0.023
NGC 362 0.155± 0.005 0.006 NGC 6388 0.303± 0.007 0.104
NGC 416 0.151± 0.013 −0.019 NGC 6397 0.103± 0.031 0.007
NGC 1261 0.145± 0.006 0.002 NGC 6441 0.332± 0.011 0.126
NGC 1851 0.173± 0.010 0.027 NGC 6496 0.173± 0.019 −0.033
NGC 1978 0.129± 0.009 −0.084 NGC 6535 0.085± 0.031 −0.027
NGC 2298 0.116± 0.018 0.013 NGC 6541 0.142± 0.006 0.031
NGC 2419 0.205± 0.009 0.118 NGC 6584 0.153± 0.005 0.021
NGC 2808 0.199± 0.004 0.041 NGC 6624 0.234± 0.008 0.027
NGC 3201 0.153± 0.014 0.027 NGC 6637 0.197± 0.007 0.004
NGC 4590 0.104± 0.017 0.023 NGC 6652 0.174± 0.008 −0.007
NGC 4833 0.126± 0.007 0.018 NGC 6656 0.148± 0.012 0.064
NGC 5024 0.117± 0.005 0.027 NGC 6681 0.147± 0.008 0.023
NGC 5053 0.087± 0.020 0.009 NGC 6715 0.189± 0.013 0.085
NGC 5139 0.184± 0.006 0.131 NGC 6717 0.154± 0.022 0.005
NGC 5272 0.131± 0.005 −0.001 NGC 6723 0.210± 0.007 0.049
NGC 5286 0.207± 0.012 0.102 NGC 6752 0.162± 0.011 0.032
NGC 5466 0.078± 0.006 −0.021 NGC 6779 0.137± 0.009 0.038
NGC 5897 0.117± 0.031 0.013 NGC 6809 0.106± 0.012 0.005
NGC 5904 0.192± 0.015 0.045 NGC 6838 0.167± 0.011 −0.016
NGC 5927 0.245± 0.013 0.042 NGC 6934 0.185± 0.011 0.045
NGC 5986 0.180± 0.009 0.054 NGC 6981 0.131± 0.005 −0.007
NGC 6093 0.147± 0.008 0.032 NGC 7078 0.109± 0.004 0.038
NGC 6101 0.092± 0.016 −0.007 NGC 7089 0.152± 0.007 0.032
NGC 6121 0.123± 0.006 −0.033 NGC 7099 0.098± 0.015 0.020
NGC 6144 0.114± 0.010 0.000 RUPRECHT 106 0.061± 0.009 −0.059
NGC 6171 0.175± 0.013 0.009 TERZAN 7 0.043± 0.009 −0.172
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wise cases used for the test minus two. The bottom
row reports the significance of the RS measurement, in-
dicated as the p-value or the probability to find a RS
value equal or larger than the actual one. Strong evi-
dence against no correlation is usually given by p-values
≤ 0.05, while p-values smaller than 0.01 mark highly sig-
nificant correlations and have been reported as an upper
limit value, namely ‘< 0.01’. The coefficients RS have
been mapped into colors, assigned to the relative cells,
on a scale reported in the top-left corner of the figure,
where the red corresponds to a perfect negative corre-
lation (RS = −1) while the blue to a perfect positive
correlation (RS = +1). Moderate to weak correlations
(−0.6 . RS . +0.6) are represented by yellowish colors.
Finally no color has been assigned to cells whose test
scores are not significant, namely with p-value > 0.05,
because no conclusions can be drawn from the measured
correlations.
The map shows that 21 out of 45 analyzed parame-
ters have a significant correlation with the RGB width.
The kernel density distribution of the significant mea-
surements, overplot to the color-key scale, shows that
almost all the RS lie in the interval ∼ −0.5,∼ +0.5, ex-
cept for WC(M17) (RS [56] = 0.924, p < 0.01) and for
[Fe/H] (RS [56] = 0.787, p < 0.01).
The first result is of remarkable importance since the
almost perfect monotonic correlation between the in-
dexesWCF336W,F438W,F814W andWCF275W,F48W,F814W ,
means that both are equally sensitive to variations of
light elements (C and N) in MPs. This finding also
demonstrate of the advantage of the first index over the
second in MPs studies, given its high effectiveness/cost
ratio.
The second result, similar to that obtained in Milone
et al. (2017), indicates that metallicity is the most im-
portant physical parameter impacting on the extension
of the RGB width. It is therefore necessary to take into
account the effect of the variance of metallicity on the
rest of parameters to verify if their correlation with the
RGB width still holds.
Figure 4 shows the scatter plot of
WCF336W,F438W,F814W vs. [Fe/H]. The vertical error
bar of each point represents the error of the RGB width
measurement (see table 2). For the sake of clarity, in
order to avoid overlap with points and error bars, we
added to the metallicity values of the plotted points a
small (≤ 0.02 dex) random jitter. As it follows from the
previous result, an evident monotonic progress of the
points is visible, with the RGB width increasing with
metallicity. The overall trend also suggests a moderate
degree of linearity between the two represented quanti-
ties, with a significant scatter in the metallicity interval
−1.7 . [Fe/H] . −1.1 and at [Fe/H] ∼ −0.5. To fur-
ther analyze the possible cause of the deviation from
linearity, we decided to add a third dimension to the
plot, by assigning to the plotted points a dimension pro-
portional to the mass of the corresponding clusters. By
doing this, we clearly observe that the scatter increases
with the mass of the cluster.
An empirical way to tackle this issue is to select a
sub-sample of clusters for which an adequate linearity
between RGB width and metallicity takes place. A ro-
bust choice is represented by the less massive clusters,
which occupy the bottom region of the observed trend.
In particular, we selected all the clusters with mass
smaller than the median mass of the selected sub-sample
of GCs, namely Log (M/M) = 5.22. The selected clus-
ters 4 have been marked as black-filled points in the plot.
Then, we computed the weighted least-square linear re-
lation fitting the selected points, represented by the red
dashed line in the plot, whose expression has also been
reported in the legend. The gray shaded area surround-
ing the regression line represents the 95% confidence in-
terval, that is the region having the 95% probability
to include the true regression line. In order to verify
the goodness-of-fit of the fit function, we computed the
adjusted determination coefficient R2adj , which is a mea-
surement of the ratio of variance between the residuals
of the independent variable and that of the dependent
variable with respect to the regression line. R2 values
range from 0, when the fit model fails to predict the
data, to 1, indicating a perfect fit. In our case, as re-
ported in the legend, R2adj = 0.777, thus indicating that
the variance of the metallicity of the selected sub-sample
of clusters accounts for the ∼ 80% of that of their RGB
width.
The linear fit thus allows us to remove the ef-
fect of metallicity from the RGB width of all the
clusters in our database, by subtracting from their
WCF336W,F438W,F814W , the residual with respect to the
regression line. We will refer to this new quantity as
∆WCF336W,F438W,F814W or ‘normalized’ RGB width.
We reported the corresponding values for each cluster in
Table 2. Since the regression line has been determined
empirically, we did not take into account the error in-
troduced by the linear fit relation.
The effect of the inclusion of the metallicity vari-
ance in the RGB width is clearly illustrated in the
two panels of Figure 5. In the top panel, we plot
WCF336W,F438W,F814W vs. Log (M/M) and assigned
4 We highlight the fact that our sample of low-mass GCs does not
include any cluster with known metallicity spread (Marino et al.
2019, 2015).
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Figure 3. Correlation map of the Spearman’s rank correlation test of the RGB width (WCF336W,F48W,F814W ) of Galactic GCs
against a set of 45 GC parameters. Each cell represents the result of the test against a single parameter and is labeled with the
name of the corresponding parameter (top row), the value of the Spearman’s rank correlation coefficient RS , followed by the
system degrees of freedom in parentheses (middle row), and the significance of the correlation measurement indicated as the
p-value of the coefficient (bottom row). Each cell is color-coded on a scale, shown in the top-left corner, which maps RS into a
color varying from red (RS = −1) to blue (RS = +1). No color has been assigned to cells of non significant (p-value > 0.05)
correlation coefficients. The kernel distribution of the significant measurements has been overplot to the color-key scale.
to each point a color corresponding to the metallicity
of the cluster, according to the color scale shown in the
legend. The result of the Spearman’s correlation test
(RS [56] = 0.397, p < 0.01), has also been indicated
in the bottom right corner. The points appear aligned
along almost parallel directions, with the most metal-
rich and the most metal-poor clusters attaining, respec-
tively, the highest and lowest values of the RGB width,
and the metal intermediate sitting between them, along
the entire outlined metallicity range. This plot shows,
in a way reversed with respect to Fig. 4, that the mass
alone cannot explain the variance of the RGB width but
also that the metallicity has a clear predominant effect
on the observed trend characteristics. As shown in the
bottom panel, once we subtract the contribution of the
metallicity given by the linear relation defined above, we
obtain a new trend, with all the points lined up along a
single, well-defined direction. This new, monotonically
increasing correlation, which also appears linear over the
entire metallicity range, suggests a strong dependence
from the mass of the properties of MPs, parameterized
by the index ∆WCF336W,F438W,F814W .
5. CLUSTER MASS AND RGB WIDTH
VARIATION
In this section we use the Spearman’s rank
test to study the correlation between the index
∆WCF336W,F438W,F814W and all the cluster parame-
ters, except of course metallicity. Since also Milone
et al. (2017) computed a ‘normalized’ RGB width in the
pseudo-color CF275W,F336W,F438W , we replaced, in this
statistical batch, the formerly adopted index WC(M17)
with their ‘normalized’ index DWC(M17).
As in the previous section, we show, in Figure 6, the
correlation map of the results of the statistical test of the
‘normalized’ RGB width against the 44 GC parameters.
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Figure 4. RGB width WCF336W,F438W,F814W vs. [Fe/H] for the Galactic GCs in our database. The dimension of each point is
proportional to the mass of the corresponding cluster. The linear relation fitting the clusters with Log (M/M) < 5.22, marked
by the black-filled points, and used to remove the effect of metallicity from the RGB width of all the clusters in our database,
is represented by the red dashed line. The gray-shaded area marks the 95% confidence interval of the true regression line. The
linear fit relation and the adjusted determination coefficient R2adj are also reported in the legend.
We observe now that a slightly larger fraction (21
out of 44) of parameters score significant correlations.
Moreover the kernel distribution shows that, at odds
with the previous case, the majority of them also have
strong monotonic correlations. The highest coefficient
are found for DWC(M17) (RS [56] = 0.822, p < 0.01)
and Mass (RS [56] = 0.746, p < 0.01). Similarly to what
found in the previous section, the first result confirms
the equal sensitivity of the ‘normalized’ RGB index in-
troduced here with the corresponding quantity defined
in Milone et al. (2017).
The second highest correlation value, relative to the
cluster mass, is also corroborated by the highly signifi-
cant, negative correlation existing with the total cluster
magnitude MV (RS [56] = −0.733, p < 0.01), being the
luminosity of a cluster a proxy of its total mass. More-
over, also other structural parameters, directly linked
to cluster mass content score high RS values, like σ0
(RS [56] = 0.749, p < 0.01) and vesc (RS [56] = 0.743,
p < 0.01). In this context, we also notice the mod-
erate/high correlations with the parameters describing
the fraction of binaries in different regions of the cluster
as well as with the ratio of 1G to the total number of
stars N1G/Ntot.
Interestingly enough, some significant correlations
present in the previous statistical run disappeared, with
some remarkable examples like the orbital parameters
RGC and Rapog, or age D10 and age V13. Among the
new strong correlations we highlight that with δYmax
(RS [56] = 0.703, p < 0.01). Directly related to the
latter is the moderate correlation found for the color ex-
tension of L2, which is on first approximation dependent
on the internal helium spread of a cluster (e.g. D’Antona
et al. 2002; Marino et al. 2011, 2014; Milone et al. 2018;
Tailo et al. 2019a,b).
In conclusion, we observe that the RGB width
WCF336W,F438W,F814W is a sensitive indicator of the
total internal chemical variations in Galactic GCs,
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Figure 5. Top panel : RGB width WCF336W,F438W,F814W vs. Log (M/M) for the Galactic GCs in our database. The color
of each point corresponds to the metallicity of the cluster, according to the scale indicated in the legend. The bottom-right
label reports the result of the Spearman’s rank correlation test. Bottom panel : as above but for the ‘normalized’ RGB width
∆WCF336W,F438W,F814W .
hence of their MP content. The variance observed
in WCF336W,F438W,F814W is mostly correlated with the
cluster metallicity. After removing this dependence,
the ‘normalized’ RGB width shows a significant, strong
correlation with the mass and the dynamic parameters
linked to that, as well as to maximum internal helium
variations.
6. GENERAL PROPERTIES OF THE RGB WIDTH
Any given chemical variation for stars at the base of
the RGB, would result in a different UV-optical color
spread, for clusters with different metallicity and age.
Theoretical predictions of the variation of the index
WCF336W,F438W,F814W are, therefore, of primary impor-
tance in our analysis, in order to properly compare the
observations. Indeed, the whole sample of GCs in our
database spans a wide interval of metallicities (−2.4 .
[Fe/H]. −0.4) and ages (∼ 2 – 14 Gyr). To this aim,
we decided to analyze the effect of metallicity and age
variations on the index WCF336W,F438W,F814W , by us-
ing appropriate theoretical models, as explained in the
following section.
6.1. Trends from synthetic spectra analysis
The RGB width WCF336W,F438W,F814W is strongly
correlated to the internal variation of helium and light
elements, mostly through the CN, NH molecular bands
which in turn affect the ultraviolet and blue portion of
the stellar spectrum (e.g. Marino et al. 2008; Sbordone
et al. 2011; Milone et al. 2013; Monelli et al. 2013).
Since the absorption depth of a molecular band de-
pends on the effective temperature and gravity, we ex-
pect that for fixed variation of [C/Fe], [N/Fe], [O/Fe],
and helium mass content Y, stars with different at-
mospheric parameters would show different values of
WCF336W,F438W,F814W .
To investigate the effect of varying atmospheric pa-
rameters on the RGB width, we took advantage of
synthetic spectra to compute, across a grid of ages
and metallicities, the difference in the pseudo-color
CF336W,F438W,F814W corresponding to a given variation
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Figure 6. As in Figure 3 but for the ‘normalized’ RGB width. The cell relative to metallicity has been removed (see text for
explanation).
of C, N, O and helium. The metallicity grid-values
are [Fe/H]= −2.45,−2.0,−1.5,−1.0,−0.5, 0.0 dex, while
the age values are 2, 8, 14 Gyr. For each grid-point,
we fetched two isochrones, from the Dartmouth Stellar
Evolution Database 5 (DSEP; Dotter et al. 2007), with
the same [Fe/H] and age but different helium content:
one with canonical helium abundance (Y≈ 0.25) and the
other with helium enhanced by ∆Y = 0.045 with respect
to the canonical value. The latter corresponds to the av-
erage internal helium variation derived in the analysis of
the maximum helium variation in 58 Galactic GCs, by
Milone et al. (2018). For each metallicity/age value,
we estimated the Teff and log g of the point 2.0 mag
brighter than the MSTO in F814W band, along both
the canonical and enhanced helium isochrone. Then,
for each point we generated, with ATLAS12 and SYN-
THE codes (Castelli 2005; Kurucz 2005; Sbordone et al.
2007), a synthetic spectrum with a characteristic chemi-
cal abundance. For the point with the canonical helium
we simulated a spectrum with solar [C/Fe] and [N/Fe],
5 http://stellar.dartmouth.edu/models/
and [O/Fe] = 0.3 dex, corresponding to the typical mix-
ture of a 1G stars; for the point with enhanced helium
we simulated a spectrum depleted in carbon and oxygen
by 0.5 dex and enhanced in nitrogen by 1.21 dex, with re-
spect to the previous one. This abundance is indicative
of the mixture of a 2G star. We integrated each spec-
trum over the transmission curves of the WFC3/UVIS,
ACS/WFC, UBESS, BBESS, VBESS filters used in this
paper, to derive the synthetic CF336W,F438W,F814W and
CU,B,I pseudo-colors. The absolute value of the differ-
ence between the 2G and 1G pseudo-colors provides the
theoretical measurement of the RGB width.
The trend of the theoretical WCF336W,F438W,F814W as
a function of [Fe/H], for the three different grid values
of age, is shown in Figure 7. It reveals that all the
models exhibit comparable trends, with the RGB width
almost linearly increasing from . 0.1 at [Fe/H]= −2.45
up to ∼ 0.2 at [Fe/H]= −1.0, and decreasing first with
a shallow slope at [Fe/H]= −0.5, and then abruptly
at solar [Fe/H], where all the models reach their min-
imum value. We also notice the that all the mod-
els attain similar values across the whole metallicity
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range, with WCF336W,F438W,F814W lower for younger
ages. The profile is inverted at [Fe/H]& −1.0, where
WCF336W,F438W,F814W starts to be higher for younger
ages. Finally we observe the largest scatter at so-
lar metallicity with a difference between the models of
≈ 0.03 mag. We can conclude that we can safely perform
a direct comparison among the observed RGB width of
young-, intermediate- and old-age clusters.
As a final remark, we notice that the values of
CF335W,F438W,F814W and CU,B,I are almost the same
within 0.02 mag, with the UHIGH, BBESS and IBESS,
used in this paper for Terzan 7, providing wider RGB
spread. This fact demonstrates that we can directly
compare Terzan 7, for which only ground-based photom-
etry is available, with the other clusters.
7. COMPARISON BETWEEN GALACTIC AND
EXTRAGALACTIC CLUSTERS
So far, we analyzed the properties of the RGB width
of the Galactic GCs included in our database. Thanks
to the availability of homogeneous measurement for a
large dataset of parameters, this selection constitutes
the best reference system for the comparison of the ob-
served properties of stellar systems presenting peculiar
characteristics. In this respect, the GCs NGC 2419 and
Rup 106 are remarkable examples. Indeed, the first is
the most external cluster of the Milky Way (RGC =
90.57 kpc; Baumgardt et al. 2019), while the second be-
longs to a peculiar class of clusters not hosting MPs.
Moreover, the recent discovery of MPs in MC clusters,
makes them the ideal target for a comparative study of
the MP properties in stellar systems belonging to differ-
ent galaxies.
We decided, therefore, to reproduce the plot of Fig. 4
by including these new objects. The new plot is shown
in Figure 8, where each point has been labeled with the
name of the corresponding cluster, and colored accord-
ing to its parent galaxy. As already mentioned in Sect. 4,
since NGC 6715 is the core of the Sagittarius dwarf, it
has been colored azure like Terzan 7, while Milky Way
and Magellanic Cloud GCs have been represented as
light yellow and red points, respectively. We see in
the plot that, among the Milky Way GCs, NGC 2419
represents a remarkable outlier. This cluster, indeed,
which has been found to host at least four different stel-
lar populations with extreme helium abundances, as re-
cently reported in Zennaro et al. (2019) and Larsen et al.
(2019), displays a RGB width almost a factor of two
higher than that typical of MW GCs at low metallicity
regime. On the other side, Rup 106 has an unusually
small RGB width for its metallicity. The location of
Rup 106 in the plot reflects the unusual property of this
globular which is one of the few MW clusters hosting a
single stellar population, as reported in Villanova et al.
(2013) and confirmed by Dotter et al. (2018).
Another interesting feature visible in this plot is the
location of the extragalactic clusters, which have, on av-
erage, RGB width values lower that of MW GCs with
comparable mass and metallicity. In particular, only
three MC clusters seem to follow the general trend ob-
served for the MW GCs, namely NGC 121, NGC 416
and Lindsay 1, while NGC 1978, Lindsay 113, NGC 339,
Terzan 7, and Lindsay 38, attain WCF336W,F438W,F814W
values lower than those typical of GCs. We also no-
tice that the RGB width of Lindsay 38 and Terzan 7 is
smaller than that of Rup 106, thus suggesting that both
the clusters are likely consistent with a single stellar
population. This represent a new finding for Terzan 7
while it is consistent with that obtained by Martocchia
et al. (2019) and Li et al. (2019) for Lindsay 38 and
Lindsay 113, respectively.
Despite the typical lower RGB width values, the over-
all trend of the extragalactic GCs seems consistent with
that of the Galactic GCs, with RGB width values typ-
ically higher for the most metal-rich clusters and at a
given metallicity, higher for the most massive clusters.
As a consequence, we applied to the new sample, the
procedure to remove from the observed RGB width the
effect of the metallicity.
The new plot is shown Figure 9, where similarly to
Fig. 5, we used a color scale to map the metallicity of
the clusters. In this case, in order to distinguish the par-
ent galaxy of each globular, we used a different shape for
the plotted points. The result of the Spearman’s corre-
lation rank test (RS [66] = 0.730, p < 0.01) indicates a
significant, strong monotonic relation between the ‘nor-
malized’ RGB width and the mass of the clusters, sim-
ilarly to what found for the Galactic GC subsample.
The plot, however, also reveals that the extragalactic
clusters systematically deviate from the general behav-
ior of the MW GCs. We observe, indeed, that while
NGC 2419 and Rup 106 follow the general trend of the
other Galactic GCs, all the extragalactic GCs are lo-
cated on the faint side of the bulk of MW clusters, with
the exception of Lindsay 113, although no firm conclu-
sion is possible for this cluster given its large error bar.
As expected, with the exception of NGC 121, NGC 416
and Lindsay 1, all the other extragalactic GCs show a
significant scatter with respect to the main trend, with
Terzan 7 attaining the lowest ∆WCF336W,F438W,F814W
value.
We conclude that the lower intrinsic color spread of
the RGB width, observed for the MC clusters as well as
for Terzan 7 seems to be an inherent properties of these
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Figure 7. Theoretical variation of the RGB width as a function of metallicity [Fe/H], for young-, intermediate-, and old-age
models.
clusters. These results seem consistent with a scenario
where MPs in both Galactic and MC GCs follow the
same relation with the mass of the host cluster, but the
ancient Galactic GCs have lost a significant amount of
their mass. Moreover, this is consistent with the result
of Zennaro et al. (2019), who found that GCs with large
perigalacticon host, on average, larger fractions of 1G
stars than the remaining Galactic GCs, thus indicat-
ing that the interaction with the Milky Way affects the
properties of MPs in GCs. As an alternative, the prop-
erties of MPs in the ancient GCs, formed in the Milky
Way at high redshifts, and in the extragalactic clusters
could eventually depend on the different environment at
the epoch of formation.
8. RGB WIDTH AND CLUSTER AGE
The discovery, confirmed by both spectroscopic and
photometric analyses, of internal N and He variations in
MC globulars older than ∼ 2 Gyr, obtained in the past
few years (e.g. Chantereau et al. 2019; Lagioia et al.
2019; Hollyhead et al. 2017; Martocchia et al. 2018;
Niederhofer et al. 2017b,a), together with the lack of
detectable spread in younger clusters, raised new ques-
tions on the possible effect of the age as a driver for the
appearance of the MPs in GCs (see Martocchia et al.
2019). We decided to investigate the relation between
RGB width and age by taking into account the whole
sample of clusters in our database, which spans an age
range of about 11 Gyr. The top panel of Figure 10 dis-
plays WCF336W,F438W,F814W as a function of the cluster
age. We used the age values from Dotter et al. (2010,
2011) and (Milone et al. 2014) for the Galactic GCs
and Terzan 7, while for NGC 121, NGC 339, NGC 416
and Lindsay 1 we considered the values provided in La-
gioia et al. (2019, and references therein). The ages of
Lindsay 38, Lindsay 113 have been taken from Martoc-
chia et al. (2019), while that of NGC 1978 from Muc-
ciarelli et al. (2007). We observe that the extragalac-
tic clusters, that are, with the exception of NGC 121
(age ∼ 10.5 Gyr), all younger than the MW GCs, have
RGB width values similar to those of the oldest Galac-
tic GCs. The recent conclusion by Martocchia et al.
(2019), that the nitrogen content in GCs is mostly cor-
related with the cluster age, seems to be not consis-
tent with the present result. We notice, however, that
these authors based their analysis on the standard devi-
ation of the color distribution of the RGB stars in a dif-
ferent color combination, namely CF343N,F438W,F814W ,
which is similar to CF336W,F438W,F814W but exploits
the narrow band F343N filter instead of F336W, and
CF336W,F438W,F343N , which is given by the sum of the
colors mF336W −mF438W and mF343N −mF438W . For
this reason they have a much smaller Galactic GC sam-
ple, composed by the three clusters NGC 104 (47 Tuc)
NGC 2419 and NGC 7078 (M 15).
As demonstrated in Sect. 4 and 6, a fixed variation of
[C/Fe], [N/Fe], [O/Fe] and Y in clusters with different
metallicities results in different RGB widths (see also La-
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Figure 8. WCF336W,F438W,F814W vs. [Fe/H] for all the analyzed GCs. The color and dimension of each point refers to the
parent galaxy and the mass of the corresponding cluster. For the sake of clarity, the most remarkable Galactic GC outliers,
namely NGC 2419 and Rup 106, as well as the Magellanic Cloud clusters and Terzan 7 have been indicated with a boxed label.
gioia et al. 2018; Milone et al. 2018). As a consequence,
for a proper comparison between the nitrogen abun-
dance variation and any other GC parameter, we must
take into account the effect of the metallicity. The bot-
tom panel of Figure 10 displays ∆WCF336W,F438W,F814W
as a function of the cluster age. In this plot we see that
the location of the extragalactic clusters along the ver-
tical axis is somewhat lower than that of the Galactic
GCs, although several old Galactic GCs share similar
∆WCF336W,F438W,F814W values as intermediate-age MC
clusters. We also notice that there is a dependence of the
RGB width from the cluster mass, with the most mas-
sive GCs, attaining higher ∆WCF336W,F438W,F814W val-
ues. Unfortunately, the possibility to include the mass
variance into the index ∆WCF336W,F438W,F814W is ham-
pered by the lack of precise knowledge of the initial mass
of the clusters. In fact, the values of the initial mass,
available only for the Galactic GCs (H. Baumgardt, pri-
vate communication), have been computed under the
hypothesis of constant Galactic potential and unper-
turbed orbits. Dynamical evolution in the galactic po-
tential, though, dramatically changes the pristine mass
of a GC.
As a matter of fact, the heterogeneous physical con-
ditions of the MW and its satellites might have signifi-
cantly altered the evolutionary paths of their respective
globulars. This scenario is also complicated by the fact
that a substantial portion of the GCs in the MCs, for
instance, was formed at different redshifts and as such,
evolved with different boundary conditions. We can
speculate whether in our case a different dependence of
the index ∆WCF336W,F438W,F814W from the cluster age
in the two subsystems, namely the MW and the MC
GCs, can provide some hints about the role of the envi-
ronment on the general properties of the MPs in GCs.
On this purpose we computed the weighted least-square
linear relations fitting the two different GC groups, with
the Galactic group including the Sagittarius Dwarf clus-
ter NGC 6715 for internal consistency with our analysis.
The dashed gray and dotted red lines in the plot repre-
sent the two regression lines, for which we also reported
the corresponding equations in the legend, and the yel-
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Figure 9. ∆WCF336W,F438W,F814W vs. Log (M/M) for all the analyzed GCs. The color and shape of each point refers,
respectively, to the metallicity and the parent galaxy of the relative cluster. For the sake of comparison, the Galactic GCs
NGC 2419 and Rup 106 and the extragalactic GCs have been also labeled. We notice the systematically lower location of the
extragalactic globulars with respect to the bulk of MW clusters.
low and red shaded areas the respective 95% confidence
intervals.
The errors indicate that the slope and the intercept
of the two regression lines are consistent within 1σ. In
order to estimate the significance of the difference be-
tween the two fitting relations we run the analysis-of-
variance (ANOVA) test (Chambers & Hastie 1992). The
first part of the test is based on the assumption of in-
teraction between the predictor variable “age” and the
categorical variable “parent galaxy”; the second relies
on the assumption of no interaction between the same
two variables. In the first case we found that “age” has
a significant effect (p < 0.01) on the response variable
“∆W”, while the effect of “parent galaxy” is not signif-
icant (p = 0.152). Also, the interaction between “age”
and “parent galaxy” is insignificant (p = 0.559). In the
second test, we obtained the same outcome for the sig-
nificance of the effect of the predictor (p-value < 0.01)
and categorical (p-value = 0.150) variable. We conclude
that if any relation exists between age and ‘normalized’
RGB width it seems to be independent of the galaxy
under consideration.
9. SUMMARY
The evidence of internal light-element variations in
several GCs of the Magellanic Clouds and Fornax (e.g.
Lagioia et al. 2019; Martocchia et al. 2018; Niederhofer
et al. 2017a; Larsen et al. 2014) indicates that MPs are
common features of extragalactic GCs.
The wealth of observations of MPs in GCs demands
a common metrics to directly compare the various clus-
ters and to constrain the physical parameters that deter-
mine the MP phenomenon. To this aim, we undertook
an extensive study of the MPs in 68 Galactic and extra-
galactic GCs, by measuring the color extension of the
stars at the base of the RGB, in the UV-optical pseudo-
color CF336W,F438W,F814W , which is sensitive to the stel-
lar content of C, N, O and helium (Marino et al. 2008),
and is available for a large number of archival observa-
tions. Images through these three filters can be collected
from ground-based facilities also in the post-HST era,
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Figure 10. Top panel : WCF336W,F438W,F814W as a function of the cluster age. As in Figure 8, the dimension of each point is
proportional to the corresponding cluster mass, while the color refers to the parent galaxy.Bottom panel : ∆WCF336W,F438W,F814W
vs. age. The dashed gray and red dotted regression line fits, respectively, the Galactic sample (including NGC 6715) and the
extragalactic clusters. The yellow and red shaded area represents the 95% confidence interval of the fit relationships, for which
we also reported the corresponding equations.
thus allowing the extension of the present analysis to
distant GCs.
The analysis of the monotonic trend, performed with
a series of Spearman’s rank correlation tests, of the
RGB width, WCF336W,F438W,F814W , of 58 Galactic GCs
observed in F275W (Milone et al. 2017), against 45
different GC observational, structural and morpholog-
ical GC parameters, shows that the RGB width is
mostly dependent on the cluster metallicity (see Fig. 3).
We also find an almost perfect monotonic correla-
tion between the WCF336W,F438W,F814W and the sim-
ilar quantity WCF275W,F336W,F438W by Milone et al.
(2017). This result demonstrates the high effective-
ness/cost ratio of the filter choice adopted in this
work for the measurement of the extension of the
MPs. Indeed, observations in F275W are very ex-
pensive in terms of telescope time and can be done
by HST alone. By empirically removing the depen-
dence of WCF336W,F438W,F814W from [Fe/H], we defined
a metallicity-free RGB width, ∆WCF336W,F438W,F814W ,
that we dubbed ‘normalized’ RGB width, which shows a
significant monotonic correlation with the cluster total
mass (see Fig. 5). The Spearman’s rank correlation test
between ∆WCF336W,F438W,F814W and the global GC pa-
rameters reveals the highest degree of monotonic corre-
lation with the cluster mass, thus indicating the promi-
nent role of this parameter in determining the complex-
ity of the MP phenomenon in the Galactic GCs. The
‘normalized’ RGB width also shows highly significant
correlation coefficients with the core velocity dispersion,
σ0 and the escape velocity, vesc. A mild correlation with
the fraction of 1G stars N1G/Ntot is also present. Our
findings are compatible with the high correlation found
by Baumgardt et al. (2019) between N1G/Ntot and vesc
for the sample of Galactic GCs studied in Milone et al.
(2017).
We compared the properties of the bulk of MW GCs
and a set of Galactic and extragalactic GC, includ-
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ing the distant MW globular NGC 2419 and Rup 106,
which is one of the few MW GCs found to host a sin-
gle stellar population (see Villanova et al. 2013; Dotter
et al. 2018), and seven MC clusters plus Terzan 7, asso-
ciated with the stream of the Sagittarius Dwarf (Sbor-
done et al. 2005). The location of the new clusters in
the WCF336W,F438W,F814W vs. [Fe/H] diagram shows
that they are evident outliers, with the remarkable cases
of the young- and intermediate-age MC clusters and
Terzan 7, which attain systematically lower RGB width
values with respect to the MW GCs. Furthermore, for
the latter cluster we observe a RGB width smaller than
that of Rup 106, which is a Galactic GC with a single
stellar population. We therefore conclude that Terzan 7
likely is a single population cluster.
The comparison between the ‘normalized’ RGB width
of the MW and extragalactic GCs as a function of the
cluster mass demonstrates that the extragalactic GCs
systematically deviates from the bulk trend of the Galac-
tic globulars, with the extragalactic systems attaining
lower values of ∆WCF336W,F438W,F814W . This fact sug-
gests that the Magellanic Cloud GCs exhibit smaller in-
ternal light-element variations than Galactic GCs with
similar present-day masses.
Arguably, the observed difference depends on the dif-
ferent physical conditions in Galactic and extragalactic
proto-GCs at the epoch of formation. As an alternative,
we speculate that the MPs in MW and extragalactic
GCs follow a unique trend with the initial cluster mass,
but ancient Galactic GCs lost a significant amount of
their mass.
In a recent paper, Martocchia et al. (2019) measured
the standard deviation of the RGB of eight Magellanic
Cloud clusters with ages between ∼ 2 and ∼11 Gyr
and that of the massive Galactic GCs M 15, 47 Tuc and
NGC 2419,, that are ∼ 12 - 13 Gyr old. They used
two pseudo-colors that are mostly sensitive to nitrogen
abundance, namely the index CF343N,F438W,F814W and
CF336W,F438W,F343N .
Based on the correlation between the standard devi-
ation of the RGB and the cluster age, they conclude
that the internal abundance variation strongly depends
on the cluster age. We find no evidence for correla-
tion between the RGB width in CF336W,F438W,F814W
and the cluster age, although Magellanic Cloud clus-
ters with ages between ∼ 2 and 11 Gyr exhibit, on
average, lower values of WCF336W,F438W,F814W and
∆WCF336W,F438W,F814W than for the Galactic GCs.
However, the evidence that the RGB width mostly de-
pends on cluster metallicity and mass, together with the
fact that it is not possible to directly compare present
day masses of Galactic and extragalactic clusters with
different ages, prevents us from any conclusion on the
possibility that the cluster age affects the RGB width
through internal nitrogen variation.
Facilities: HST (WFC3); VLT (FORS2)
Software: img2xym (Anderson et al. 2006), EsoRe-
flex (Freudling et al. 2013), DAOPHOT and ALLSTAR
(Stetson 1987, 1994), DAOMASTER (Stetson 1990),
ALLFRAME (Stetson 1994), ATLAS12 (Castelli 2005;
Kurucz 2005), SYNTHE (Sbordone et al. 2007)
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